The optical properties of macrophage-targeted theranostic nanoparticles (MacTNP) prepared from a Chlorin e6 (Ce6)-hyaluronic acid (HA) conjugate can be activated by reactive oxygen species (ROS) in macrophage cells. MacTNP are nonfluorescent and nonphototoxic in their native state. However, when treated with ROS, especially peroxynitrite, they become highly fluorescent and phototoxic. In vitro cell studies show that MacTNP emit near-infrared (NIR) fluorescence inside activated macrophages. The NIR fluorescence is quenched in the extracellular environment. MacTNP are nontoxic in macrophages up to a Ce6 concentration of 10 µM in the absence of light. However, MacTNP become phototoxic upon illumination in a light dose-dependent manner. In particular, significantly higher phototoxic effect is observed in the activated macrophage cells compared to human dermal fibroblasts and non-activated macrophages. The ROS-responsive MacTNP, with their high target-to-background ratio, may have a significant potential in selective NIR fluorescence imaging and in subsequent photodynamic therapy of atherosclerosis with minimum side effects.
Introduction
Rupture of atherosclerotic plaques and the associated thrombotic complications such as myocardial infarction, stroke, and limb ischemia remains the leading cause of cardiovascular-related mortality worldwide [1] [2] [3] . Macrophages, constituting up to 20% of the cells within atherosclerotic lesions, are known to play a key role both in the development of atherosclerosis and in the formation of unstable plaques vulnerable to rupture [4] . Therefore, a large number of active macrophages in plaques have been considered a biomarker for plaque instability [5] and a prime target for the imaging and therapy of atherosclerosis [6, 7] . However, it is obvious that only the plaque-associated macrophages are undesirable, while the majority of monocytes/macrophages in circulation and in healthy tissues play important roles for homeostasis and immunity. Therefore, a method to selectively detect and kill only those macrophages
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Photodynamic therapy (PDT) using a combination of chemical photosensitizers, light, and molecular oxygen has long been used to successfully treat cancers [8] . Photosensitizers are typically nontoxic to cells in the absence of light, but become highly cytotoxic when the molecules accumulated at target sites are excited by light radiation of a specific wavelength. In vivo studies have shown that PDT promotes the stabilization of atherosclerotic plaques and inhibits plaque progression by reducing the macrophage content [9] [10] [11] . Even though a number of photosensitizers were shown to accumulate preferentially in atherosclerotic plaques, the systemic administration of most photosensitizing agents leads to significant side effects (i.e., prolonged skin photosensitivity) due to nonspecific localization of the hydrophobic photosensitizers within the skin [12] [13] [14] [15] . Therefore, various types of macrophage-targeting PDT agents and multifunctional theranostics have been tested to improve the efficacy of PDT and the selective imaging of the activated macrophages [16] [17] [18] [19] [20] . An ongoing challenge in imaging and atherosclerosis therapy involves the use of "activatable" PDT agents that have shown great potential against cancers [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Activatable PDT agents with controlled optical properties are nonfluorescent and nonphototoxic in their native states, but become highly fluorescent and phototoxic upon exposure to various stimuli at target sites (i.e., enzymes and low pH). These activatable PDT agents were shown to be highly efficient in selectively killing target cancer cells while minimizing unwanted skin photosensitivity. Recently, we showed the first successful in vivo results demonstrating the potential utility of an enzyme-activatable PDT agent in near-infrared (NIR) fluorescence imaging and the subsequent PDT of atherosclerosis [31] . The cathepsin B-activatable photodynamic theranostic agent reduced cathepsin-B activity in mouse atheromata and stabilized inflammatory plaques by selectively killing the activated macrophages in the diseased regions.
This study aims to develop a reactive oxygen species (ROS)-responsive PDT agent as a new theranostic agent for targeted imaging and therapy of the atherosclerotic lesions. It is well known that ROS generated in activated macrophages play an important immune role [32, 33] . Importantly, excess ROS are produced by activated macrophage cells in various pathogenic conditions, including atherosclerosis [34, 35] . Therefore, we assumed that the excess ROS might represent a good target for developing macrophage-targeted "activatable" theranostics. According to previous reports, polysaccharides including hyaluronic acid could be depolymerized by ROS [36, 37] . Therefore, we prepared macrophage-targeted theranostic nanoparticles (MacTNP) by conjugating photosensitizers to hyaluronic acid (Figure 1 and 2) . We expected that fluorescence and singlet oxygen generated from the MacTNPs in the native state would be inhibited due to self-quenching effect between the conjugated photosensitizers. When MacTNPs are internalized by the activated macrophages, the excess ROS in the cells degrades the nanoparticles by cleaving the chemical bonds of hyaluronic acid. This results in photosensitizer release from the nanoparticles, which results in fluorescence emission and singlet oxygen generation. Such a ROS-responsive MacTNP may have great potential in selective NIR fluorescence imaging with high target-to-background ratio and subsequent PDT of atherosclerosis with minimized side effects (i.e., skin photosensitivity). 
Materials and Methods

Materials
Hyaluronic acid (HA, MW 215,000 Da) was purchased from Lifecore Biomedical (Chaska, MN, USA).
1-Ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC), sulfo-N-hydroxysulfosuccinimide (sulfo-NHS), ethylene diamine, and hyaluronidase (HAdase, 1,228 units/mg) were purchased from Sigma-Aldrich (MO, USA). Chlorin e6 (Ce6) and dialysis membranes (MW cut-off: 50,000 Da) were purchased from Frontier Scientific (UT, USA) and Spectrum Laboratories (CA, USA), respectively. Singlet Oxygen Sensor Green (SOSG), which is a singlet-oxygen-detecting reagent, was obtained from Invitrogen (NY, USA).
Lipopolysaccharide (LPS) and recombinant murine interferon-gamma (INF-γ) were purchased from 
Preparation of MacTNP
MacTNP were prepared from a hyaluronic acid-chlorin e6 (HA-Ce6) conjugate (Figure 2 ). First, amine-functionalized HA was synthesized by conjugating ethylene diamine with the carboxylic acid component of HA using standard EDC/NHS chem-istry. Briefly, 200 mg of HA was dissolved in phosphate buffer solution (pH 7.4, 10 mM, 19 mL); EDC (35 mM, 0.5 mL) and sulfo-NHS (42 mM, 0.5 mL) were sequentially added to the HA-dissolved aqueous solution. After 30 min, ethylene diamine (93 mg), dissolved in the phosphate buffer (pH 7.4, 10 mM, 1 mL) was added to the activated HA solution, and the reaction was allowed to proceed overnight at room temperature. The reactant was then dialyzed against deionized (DI) water and lyophilized. To conjugate the amine-functionalized HA with Ce6, the carboxylic acid of Ce6 (50 mg, 10 mL) was activated with EDC (21 mM) and sulfo-NHS (28 mM) in dimethyl sulfoxide (DMSO). Aminated HA (200 mg) was dissolved in dimethylformamide (DMF):H2O cosolvent (1:1 v/v, 5 mL), mixed with the activated Ce6 solution, and then reacted for 18 h at room temperature. The resulting HA-Ce6 solution was dialyzed against phosphate buffer (pH 7.4, 10 mM) and then with DI water to remove unreacted Ce6s and the byproducts. Self-assembled HA-Ce6 nanoparticles (henceforth called MacTNP) were formed during the dialysis procedure in the aqueous solution. MacTNP was finally freeze-dried. The products obtained at each step were analyzed by proton nuclear magnetic resonance ( 1 H-NMR) (Supplementary Material: Figure S1 ).
Characterization of MacTNP
The surface charge of MacTNP was measured using a zeta potential/particle-sizer (Malvern Instrument, Malvern, UK), after dispersing the particles in DI water. The hydrodynamic size was measured after dispersing in phosphate-buffered saline (PBS; 6.7 mM, pH 7.4, 154 mM NaCl).
For the analysis of the optical properties, MacTNP were dispersed in PBS. For comparison, free Ce6 was dissolved in Tween 20-containing PBS solution (1% v/v) to avoid photosensitizer aggregation in the aqueous solution. Then UV/Vis spectra of MacTNP and free Ce6 solutions were measured with an UV/Vis spectrometer (DU730, Beckman Coulter, Brea, CA) to check the aggregation of Ce6s in the nanoparticles (final concentration, 5 µM Ce6). The concentration of Ce6 in MacTNP and free Ce6 stock solutions was calculated by dissolving the nanoparticles in 0.1 M NaOH/0.1% sodium dodecyl sulfate (SDS), and then the absorbance at 400 nm was measured. Ce6 is known to have a molar extinction coefficient of 1.5 × 10 5 M -1 ·cm -1 at 400 nm [38] . The fluorescence spectra of MacTNP and free Ce6 (with 400 nm excitation) were obtained on a multifunctional microplate reader (Safire 2; Tecan, Männedorf, Switzerland). MacTNP and free Ce6 were maintained at a final concentration of 5 µM Ce6.
The inhibitory characteristics of singlet oxygen generation (SOG) in MacTNP were evaluated by measuring the fluorescence intensity increase of SOSG during light irradiation, which was then compared with that of free Ce6. SOSG was dissolved in PBS saturated with oxygen gas containing either MacTNP or free Ce6. The final concentration of SOSG reagent was maintained at 1 µM. The final concentration of MacTNP and free Ce6 were 0.5 µM Ce6. SOSG fluorescence intensity ( λex 504 nm, λ em 525nm) was then measured periodically, during light irradiation with a 670-nm CW laser (irradiation dose rate 50 mW/cm 2 ).
ROS-responsive recovery of fluorescence and SOG in the MacTNP
To examine the ROS-mediated recovery of fluorescence and SOG, MacTNP were reacted with various ROS and the fluorescence intensity and SOG were measured. ROS generators were prepared according to a previous report [37] : 50 µM KO 2 for the superoxide anion (O 2 · -), 50 µM H 2 O 2 with 5 µM ferrous perchlorate for the hydroxyl radical ( · OH), 50 µM hydrogen peroxide (H 2 O 2 ) with 50 µM NaOCl for hypochlorite (OCl -), and 50 µM H 2 O 2 with 10 µM nitrite for peroxynitrite (ONOO -) [37] . MacTNP (final concentration: 0.5 µM Ce6) were incubated for 2 h with various ROS in PBS (pH 7.4), and then the fluorescence intensity of Ce6 was measured (λ ex 400 nm, λ em 660 nm). Next, the samples were mixed with an oxygen-saturated PBS solution containing concentrated SOSG. The final concentration of SOSG was adjusted to 1 µM. The fluorescence intensities of the samples were measured before light irradiation to check if ROS in the samples could alter the fluorescence of SOSG. Finally, SOSG fluorescence changes were measured after irradiating the solutions with a 670-nm continuous wave (CW) laser (irradiation dose rate 50 mW/cm 2 ) for 120 s. All the experiments were performed in quadruplicate.
In another set of experiments, the effect of peroxynitrite concentration on fluorescence intensity of MacTNP was tested by incubating MacTNP (equiv. Ce6 concentration of 0.5 µM) with peroxynitrite at different concentrations (0, 5, 10, 20, 40, and 100 µM) in PBS (pH 7.4) for 2 h, and then measuring the fluorescence intensity of MacTNP (λ ex 400 nm, λ em 660 nm).
All the experiments were performed in quadruplicate.
The effect of hyaluronidase on fluorescence recovery of MacTNP
The effect of hyaluronidase (HAdase) on the recovery of MacTNP fluorescence was evaluated by treating MacTNP (equiv. Ce6 concentration of 1 µM) with hyaluronidase in different concentrations (0, 10, 50, 100, and 500 U/mL) in sodium acetate buffer (100 mM, pH 4.5, 100 mM NaCl) for 1 h. Then the samples were diluted with PBS (pH 7.4), and fluorescence intensity of Ce6 was measured (λ ex 400 nm, λ em 660 nm). The experiments were performed in quadruplicate.
Evaluation of fluorescence quenching and recovery in activated macrophage cells: live cell fluorescence imaging
MacTNP and free Ce6 were diluted in fresh DMEM medium supplemented with 10% FBS to obtain 1 µM Ce6.
Raw 264.7 cells were plated at a density of 1 × 10 6 cells/well in a 12-well plate (BD Biosciences) and incubated for 24 h to allow cell attachment. The cells were activated by treatment with 1 µg/mL lipopolysaccharide (LPS) and 50 ng/mL interferon-gamma (INF-γ) for 24 h. The cell culture medium was replaced with fresh medium containing the photosensitizers. Then, without washing the cells, NIR fluorescence images (λex 640 ± 15 nm, λ em 690 ± 25 nm) of the activated macrophage cells were recorded every 15 min for 2 h using a Live Cell Imaging System (Axio observer Z1, 10×, NA 0.55, Carl Zeiss, Germany). All the images were acquired at the same microscope settings in order to ensure reproducibility.
Intracellular uptake of MacTNP
MacTNP were diluted in the culture medium containing 10% FBS to obtain a final Ce6 concentration of 1 µM Ce6. Normal HDF cells were selected as a ROS-negative control. HDF and Raw 264.7 cells were seeded in a 96-well plate at 1 × 10 4 cells/well and incubated for 24 h for cell attachment. Raw 264.7 cells were activated by treatment with LPS (1 µg/mL) and INF-γ (50 ng/mL) for 24 h. For comparison, both HDF cells and nonactivated macrophage cells were incubated for 24 h in the absence of LPS and INF-γ. Then the existing culture medium was replaced with 100 μL of fresh medium containing MacTNP. At 2 h post-incubation, all the cells were washed 3 times with PBS, and treated with 200 µL of 0.1 M NaOH/0.1% SDS solution for 2 h for inducing both cell lysis and complete disaggregation of the self-assembled MacTNP. Finally, the Ce6 fluorescence of the cell lysates was measured on a multifunctional microplate reader (λex 400 nm, λ em 660 nm). The fluorescence of MacTNP in the cell lysate was completely de-quenched by using 0.1 M NaOH/0.1% SDS, thereby enabling quantitative comparison of the internalized photosensitizers in the cells. As untreated controls, HDF, non-activated and activated macrophage cells were treated with cell culture media without MacTNP for 2 h. Then, the cells were washed 3 times with PBS, treated with 200 µL of 0.1 M NaOH/0.1% SDS solution for 2 h, and the Ce6 fluorescence of the cell lysates was measured (λex 400 nm, λ em 660 nm). All the experiments were performed in quadruplicate.
Flow cytometric analysis and confocal fluorescence microscopy
To check the fluorescence recovery in macrophages, fluorescence intensities of the MacTNP-treated cells were measured by fluorescence-activated cell sorting (FACS)
Then, the existing cell culture medium was replaced with fresh medium containing MacTNP at the equivalent concentration of 1 µM Ce6. After incubation for 2 h, the cells were washed 3 times with PBS, harvested, and their fluorescence intensities were analyzed by FACS (λex 633 nm, λ em 660 ± 20 nm).
For NIR confocal fluorescence imaging study, Raw 264.7 cells were seeded at 1 × 10 5 cells/well in a LabTek II Chambered Coverglass (Nalge Nunc International Corp.) and incubated for 24 h for cell attachment. Activated macrophages were obtained by treating Raw 264.7 cells with LPS (1 µg/mL) and INF-γ (50 ng/mL) for 24 h. HDF and non-activated Raw 264.7 cells were incubated for 24 h in the absence of LPS and INF-γ. Then, the existing cell culture medium was replaced with fresh medium containing MacTNP (equiv. Ce6 concentration of 1 µM). After incubation for 2 h, the cells were washed 2 times with PBS, and incubated in fresh culture medium. NIR fluorescence images (λex 633 nm, λ em 700 ± 50 nm) of the cells were acquired by confocal scanning-laser microscopy (CSLM, ZEISS LSM 510 META).
Cytotoxicity testing
Raw 264.7 macrophages were seeded in a 96-well plate at 1 × 10 4 cells/well, incubated for 24 h for cell attachment, and then activated with LPS and INF-γ for 24 h. MacTNP were diluted in cell culture medium containing 10% FBS to obtain Ce6 concentrations of 1 µM, 3 µM, 6 µM, and 10 µM, respectively. The existing culture medium was replaced with 100 μL of fresh medium containing MacTNP, and then the cells were further incubated for 24 h. After the cells were washed twice, fresh cell culture medium was added. The cell viability was measured using a cell counting kit (CCK-8; Dojindo Laboratories, Mashikimachi, Kumamoto, Japan). The absorbance was measured at 450 nm (reference = 650 nm) using a microplate reader (Tecan Safire 2, Switzerland). The viability of the untreated controls was taken to be 100%, while the medium served as the background. Data are expressed as the mean (SD) of 4 data samples.
In vitro phototoxicity testing
Raw 264.7 macrophage cells were seeded in a 96-well plate at 1 × 10 4 cells/well, incubated for 24 h for cell attachment. Activated macrophages were obtained by treating Raw 264.7 cells with LPS (1 µg/mL) and INF-γ (50 ng/mL) for 24 h. HDF and non-activated Raw 264.7 cells were incubated for 24 h in the absence of LPS and INF-γ. Then, the existing cell culture medium was replaced with fresh medium containing MacTNP at the equivalent concentration of 1 µM Ce6. After incubation for 2 h, the cells were washed twice, fresh cell culture medium was added, and the cells were irradiated using a 670-nm CW laser at light doses of 5 and 10 J/cm 2 (light dose rate: 50 mW/cm 2 ). The cells were further incubated for 18 h. The viability of the cells was analyzed using the CCK-8 kit. The viability of the untreated HDF and Raw 264.7 cell controls was taken to be 100%, while the medium served as the background. Data are expressed as the mean (SD) of 4 data samples.
Results and Discussion
Characterization of MacTNP
To synthesize HA-Ce6 conjugates, the carboxylic acids of the HA backbone were first modified with ethylene diamine and then conjugated with Ce6s using EDC/NHS chemistry (Figure 2 and Supplementary Material: Fig. S1 ). Based on the UV/Vis spectrum analysis, the number of conjugated Ce6s per a single HA backbone was calculated to be 91.
As expected, the amphiphilic HA-Ce6 conjugates self-assembled into nanoparticles having hydrodynamic size and zeta potential of 103.1 ± 38.4 nm and − 22.6 ± 16.5 mV, respectively, in aqueous solution ( Figure 3A) . The significant broadening of the Soret band region in the UV/Vis spectrum of MacTNP ( Figure 3B and Supplementary Material: Fig. S2 ) also confirmed the aggregation of the conjugated hydrophobic Ce6 molecules in the aqueous environment, while the negative zeta potential of the MacTNP indicated that the hydrophilic HA backbones were localized at the surface of MacTNP. As shown in Figure 3C , due to the aggregation of Ce6s in the self-assembled nanoparticles, the fluorescence of MacTNP was dramatically quenched (i.e., only 1.6% of the fluorescence intensity of free Ce6). A consistent quenching in the MacTNP production of reactive singlet oxygen was observed, where the singlet oxygen sensor green (SOSG) reagent was used as a probe to detect SOG by free Ce6 and MacTNP (Figure 3D) . During the 670-nm laser irradiation, in comparison to that from free Ce6, a minor increase in the SOSG fluorescence emission was observed for MacTNP, indicating that MacTNP SOG was inhibited. SOG from MacTNP was 16-fold lower than that from free Ce6.
ROS-responsive recovery of fluorescence and SOG in the MacTNP
Next, we checked if ROS could act as a switch for fluorescence emission recovery and SOG by de-quenching of Ce6 by degrading MacTNP ( Figure  4 ). Previous studies have examined the degradation of HA backbones and its mechanism [38] [39] [40] [41] . In particular, peroxynitrite is known to induce HA fragmentation in a site-selective manner at the N-acetylglucosamine β-(1 → 4) glycosidic bonds resulting in the formation of oligosaccharides differing by disaccharide units [39] . Accordingly, we expected that the degradation of MacTNP upon ROS treatment would result in the release of Ce6 and the subsequent recovery of the fluorescence intensity. When MacTNP in PBS (0.5 µM Ce6) were treated with various chemically generated ROS at 50 µM for 2 h, only peroxynitrite (ONOO -)-treated MacTNP showed 9.3-fold increase in the fluorescence intensity compared to PBS-treated MacTNP as the control ( Figure 4A ). The other ROS did not induce a significant recovery of MacTNP fluorescence, probably because of insufficient disintegration of the self-assembled MacTNP.
When fluorescence intensity of MacTNP incubated with peroxynitrite at different concentrations (0, 5, 10, 20, 40, and 100 µM) was measured, fluorescence recovery of MacTNP was dose-dependent on the peroxynitrite concentration (Supplementary Material: Figure S3 ). Particularly, there was a linear dependence (r 2 = 0.959) of the fluorescence intensity on the peroxynitrite concentration in the 0 -40 μM range. Previous reports note that the stimulated expression of inducible nitric oxide synthase is associated with atherosclerosis, and the activity of this enzyme preferentially promotes the formation of peroxynitrite [42] . Therefore, the dose-dependent fluorescence recovery of MacTNP by peroxynitrite suggests that MacTNP may also be useful for the specific imaging of peroxynitrite levels in atherosclerotic lesions.
Before examining SOG recovery, we checked whether ROS caused any change in the fluorescence intensity of SOSG reagent. Since NaOCl caused the denaturation of Ce6 (Supplementary Material: Figure  S4 ), we excluded the NaOCl-treated samples in this experiment. As a result, it was confirmed that ROS did not affect SOSG fluorescence (Supplementary Material: Figure S5 ). As in the fluorescence experiment, the treatment of MacTNP with peroxynitrite induced an 18-fold increase in SOG while the other ROS produced no significant increases ( Figure 4B ).
Effect of HAdase on the fluorescence recovery of MacTNP
HAdase rapidly degrades HA through preferential cleavage of β-(1→4) glycosidic bonds [43] , similar to peroxynitrite. HAdase activity has been reported to increase in atheromatous plaques [44] . Therefore, we checked if MacTNP fluorescence could be affected by HAdase in addition to ROS ( Figure 5) . Interestingly, the effect of HAdase on the fluorescence intensity of MacTNP was negligible, showing only 30% increase in MacTNP fluorescence even upon treatment with 100 U/mL HAdase. 
Live cell imaging of fluorescence recovery in activated macrophage cells
In order to demonstrate the utility of MacTNP in macrophage-targeted imaging, we applied both free Ce6 and MacTNP to the activated Raw 264.7 cells (Figure 6 ). Since the fluorescence of MacTNP is expected to be quenched in the extracellular environment and turned on only inside the activated macrophages, the NIR fluorescence were acquired every 15 min for 2 h without washing the photosensitizers. As expected, only weak fluorescent signals were detected in the extracellular space surrounding the MacTNP-treated cells at 15 min, whereas a highly intense fluorescence was continuously observed in the free Ce6-treated cells. As shown in Figure 6 
Cytotoxicity testing
Activated Raw 264.7 cells were treated with MacTNP for 24 h over a Ce6 concentration range of 0-10 µΜ in order to determine Ce6 toxicity in the dark. As expected, cells treated with MacTNPs showed no cytotoxicity even at the highest Ce6 concentration ( Figure 8A ), confirming the excellent biocompatibility of MacTNP.
In vitro phototoxicity testing
In contrast to the dark cytotoxicity test, cell viability following treatment with MacTNP (equiv. Ce6 concentration of 1 µM) decreased in a light dose-dependent manner upon irradiation with 670-nm CW laser ( Figure 8B ). In particular, 66% of the activated Raw 264.7 cells were dead after light irradiation (10 J/cm 2 ) whereas no statistically significant decrease in cell viability was observed in the HDF cells after light irradiation. As expected from the FACS analysis, PDT effect of MacTNP in the activated macrophages was significantly higher than in non-activated macrophage cells (P < 0.001). The order of phototoxicity observed was HDF < non-activated Raw 264.7 cells < activated Raw 264.7 cells. 
Conclusions
Biocompatible MacTNP are nonfluorescent and nonphototoxic in their native state. However, they become highly fluorescent and phototoxic upon treatment with peroxynitrite. In vitro cell studies confirm that the fluorescence emission and SOG of MacTNP are recovered inside the activated macrophages. We believe that the MacTNPs developed in this study may be potentially useful for selective NIR fluorescence imaging and PDT of atherosclerosis lesions in vivo. Fig.S1 -Fig.S5 . http://www.thno.org/v04p0001s1.pdf
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